We developed the reliable flip chip mounting structure of VCSELs without hermetic sealing to realize 14 Gbps transmission modules. Underfill resin is sometimes used to protect VCSELs when hermetic sealing is not applied. However, it was shown that cracks occur inside VCSELs if Young's modulus of underfill resin is high. The cracks can be prevented if we avoid the arrangement of underfill resin of high Young's modulus on the mesa parts of VCSELs. We considered two mounting methods to prevent this failure. The first method is to use underfill resin of low Young's modulus. The other uses a structure where the air caps cover the mesa parts. We evaluated these methods and confirmed that the cracks do not occur in either case.
Introduction
Scales of high performance computing (HPC) systems and data centers (DCs) are expanding rapidly every year, and their performances are improving drastically. [1, 2, 3] Interconnection cables for HPC systems and DCs require higher speed and longer distance transmissions. Copper cables are being used for interconnection cables, but they will not meet these requirements. [4] On the other hand, active optical cables (AOCs) are attracting much attention due to their superior performances. [1, 2, 4] They convert an electrical signal into an optical signal by electric-optic (EO) convertor, transmit it by optical fiber, and finally the optical signal is converted into the electrical signal by optic-electric (OE) convertor. The EO-OE modules are called optical engines, in which VCSEL, PD and control ICs are mounted on one substrate. [5] The flip chip mounting technique is suitable because it is superior in terms of high speed transmission or space saving. Since VCSELs are compound semiconductor devices, their reliabilities are sensitive to the outer environment. Therefore, they are often used with hermetic sealing. Although miniaturization and low cost are important, it is difficult to meet these requirements by hermetic sealing. When VCSELs are not packaged hermetically, they need to be protected from the outer environment, especially moisture and/or dusts. The moisture is dealt with by the improvement of the passivation of VCSELs. However, it is not easy to protect the light path from the dust. Although filling with transparent underfill resin is a possible solution, it was reported that the reliability of VCSELs will get worse by underfill resin. [6] This paper describes the method which enables the reliable flip chip mounting structure of VCSELs without hermetic sealing. It is realized by avoiding the arrangement of underfill resin of high Young's modulus on the mesa parts of VCSELs. We prepared the samples based on this idea and confirmed their high reliability. Figure 1 shows the mounting structure of optical devices in optical engine. 4-channel VCSEL array and PD array are supplied as bare chips and they are bonded face down by solder bumps on a glass substrate. Optical devices will be contaminated by the flux residue, so soldering using flux is not suitable. AuSn (80 wt%-Au, 20 wt%-Sn) solder is used for fluxless bonding. [7] As mentioned above, the gap between optical devices and a substrate is filled with transparent underfill resin to prevent the dust. Figure 2 shows the schematic illustration of the mesa type VCSEL used in this study. The mesa part consists of active layer, distributed Bragg reflector (DBR) layers, current constriction layer, polyimide passivation, and the electrode. The current flows from the electrode through p-DBR layers into the active layer, while it is restricted at the current constriction layer. The current constriction layer is made from Al 2 O 3 (alumina). They are fabricated by selective oxidation of AlGaAs layer so that the current goes through an imperceptible portion efficiently.
Structure of Materials and Evaluation Methods

Structure of optical devices in optical engines
Experimental and simulation methods
We confirmed the reliability of VCSELs by high temperature bias (HTB) test at the conditions shown in Table 1 .
This condition is used for detecting and screening out early life failures of VCSELs. The damage to VCSEL is shown by the variation of the light-current (L-I) characteristic before and after HTB test. We set the pass criterion that the variation of optical output power (Pf) was less than 10% with 8 mA. This criterion was determined by the experiment that Pf which changed less than 10% after HTB test did not get worse even after 200 hours. We investigated cross-sections of VCSELs in order to observe the variation of the internal structure. The cross-sections were prepared by adopting Ar ion milling system to reduce the mechanical damage during polishing.
In addition, we performed simulation for the thermal stress analysis by ANSYS.
[8] The simulation model and analysis parameters will be described later. The thermal distribution was modeled on the biased VCSEL. Since VCSELs produce heat with the bias current, the actual temperature of their active area exceeds ambient temperature. We estimated that the rise in heat is about 30°C at the HTB test condition from the temperature dependence of the wavelength of VCSELs. we set the temperature of the current flow area (diagonal lines in Fig. 5(b) ) as 100°C in this simulation model. Table   2 is the list of simulation conditions and results. Condition
Results and Discussions
Mechanism investigation of cracks in VCSELs
A is underfill-less model, and condition B is epoxy resin model. Details of condition C and D are described later. Table 3 shows analysis parameters. Table   2 . The thermal stress of condition B was 2.2 times higher than that of condition A.
From these simulation results, it was found that the thermal stress to the alumina layer is enhanced by epoxy resin. The point of stress concentration in simulation agrees very well with the point of crack generation in experiment. The brittleness of GaAs material seems to affect the failure mechanism. It is reported that GaAs yield stress σ y decreases rapidly depending on temperature.
[9]
Although σ y is 1.6 GPa at room temperature, it decreases to 0.4 GPa at HTB condition. From these facts, the failure mechanism can be explained as follows.
Step 1: Thermal stress at the tip of alumina layer is enhanced by underfill resin.
Step 2: σ y of DBR layers decreases greatly.
Step 3:
Cracks occur in DBR layers. Although the failure mechanism can be described qualitatively from the above discussion, the consistency of simulation results and experimental results has to be ensured for fully understanding of the failure mechanism. The simulation model will be reconsidered to improve the accuracy of the simulation result.
Consideration of new mounting methods
In this section, we describe the mounting methods which can prevent the cracks. From the above results, the stress to the mesa part will increase as the Young's modulus of underfill resin gets higher. Therefore the thermal stress can be suppressed if underfill resin of high Young's modulus does not make contact with the mesa part. We considered two mounting methods based on this idea. The first method is to use a resin of low Young's modulus. The second method is to use a structure where air caps cover the mesa parts so that underfill resin cannot make contact with them.
We adopted silicone resin to the first method because its Young's modulus is much smaller compared with epoxy resin as shown in Table 3 . Figure 7 (a) shows the histogram of the reduction rate of Pf after HTB test in this method, and it met the criteria. Figure 7 (b) is the crosssectional image, and there were no failures such as cracks.
The simulation was conducted at condition C in Table 2 .
The thermal stress distribution is shown in Fig. 8, which was almost the same as that of the underfill-less model shown in Fig. 6 (a) . The stress at the tip of alumina layer was equivalent to that of the underfill-less model as shown in Table 2 .
The second method is to form air caps around the mesa parts of VCSELs so that resin cannot make contact with them. Figure 9 shows the cross-section of the mounting structure of this method. The air caps make contact with the mesa parts and the light paths, and the other area is surrounded by epoxy resin. Figure 10 shown in Fig. 11 . The white-painted area above the mesa part of VCSEL is the air cap where we set no materials.
The thermal stress distribution derived by simulation is shown in Fig. 12 , and the thermal stress value at the tip of alumina layer is shown in condition D of Table 2 . Their simulation results were almost the same as those of the underfill-less model and the silicone resin model.
The results of HTB test in both mounting methods were equivalent to those in the structure without underfill resin.
This means that the cracks can be prevented in both cases.
This fact shows that the increase of the thermal stress can be suppressed by avoiding the arrangement of resin of high Young's modulus on the mesa parts of VCSELs. We 
Reliability evaluation of optical engines
We performed a series of environmental tests for optical engines which silicone resin was used. The test items, conditions, criteria and results are shown in Table 4 . We assumed the pass criterion that the Pf change of VCSEL in optical engine was less than 0.5 dB in these tests. The high temperature operation test was the most important in these tests. 10 samples were evaluated and passed the test.
In addition, temperature cycling test, damp heat storage test and damp heat powered test were also performed. All the samples passed these tests. We also evaluated high frequency characteristics of VCSELs in optical engines at 14 Gbps. Figure 13 shows the optical output waveform of the transmitter before and after high temperature operation test. The sufficient eye opening was obtained even after the test for 1,000 hours. And the mask margin was 
Conclusion
We studied the thermal stress of the flip chip mounted VCSELs. It was clarified that cracks occur at the tip of alumina layer due to the thermal stress enhanced by underfill resin of high Young's modulus. We evaluated two mounting methods and confirmed that the cracks can be prevented in both cases. The first method uses silicone as a resin of low Young's modulus and the other uses a structure where the air caps cover the mesa parts of VCSELs.
We believe the silicone resin method to be better because it is free from the moisture condensation in the light path.
High reliability was confirmed in optical engines using sili- 
